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BEHAVIOR
Patterns of Flight Behavior and Capacity of Unmated Navel
Orangeworm (Lepidoptera: Pyralidae) Adults Related to Age, Gender,
and Wing Size
THOMAS W. SAPPINGTON1,2 AND CHARLES S. BURKS3
Environ. Entomol. 43(3): 696Ð705 (2014); DOI: http://dx.doi.org/10.1603/EN13279
ABSTRACT Thenavelorangeworm,Amyelois transitella(Walker)(Lepidoptera:Pyralidae), is akey
pest of almond, pistachio, and walnut tree crops in California. Understanding dispersal of adults
between orchards is important to improving management options. Laboratory ßight behavior of
unmated navel orangeworm of ages 1, 2, 3, 5, and 7 d posteclosion was examined using ßight mills. As
a group, females ßew farther and longer than males, but the differences were not statistically
signiÞcant. Flight speed did not differ between sexes. Flight duration and distance did not differ with
age, except that 7-d-old adults performed worse for these parameters than did 1- and 2-d-old adults.
Females began their ßights1.5 h after the onset of dusk, and1.5 h earlier in the night than males.
Flight capacity and propensity were substantial for both sexes and all age classes tested. At least 20%
of adults (except 7-d-old males) made a continuous ßight 5.5 h, and median total distances ßown
during the 10.5-h night ranged from 7 to 15 km depending on age class. Thus navel orangeworm ßight
mill performancewasgreater than thatofmostpests tested fromthe familiesPyralidaeandTortricidae.
Surface area and length of forewings and hindwings were greater in females than males, but had little
effect on ßight performance. The results are generally consistent with Þeld observations of navel
orangewormdispersal, but itwill be important to characterize the effects ofmating onßight, and ßight
on fecundity.
KEY WORDS Amyelois transitella, ßight mill, dispersal, almond, pistachio
The navel orangeworm,Amyelois transitella (Walker)
(Lepidoptera: Pyralidae), is a key pest of California
tree nut crops including almond, pistachio, and wal-
nuts, collectively worth US$5 billion annually (un-
processed) in recent years (U.S. Department of Ag-
ricultureÐNational Agricultural Statistical Service
[USDAÐNASS] 2012). It has been recorded from40
different fruits and nuts (Curtis andBarnes 1977), and
generally prefers overmature, decayed, or damaged
hosts. Over the last decade, the area in California of
bearing orchards has expanded by 17% for walnuts,
39% for almonds, and84%forpistachios (USDAÐNASS
2012).
These crops differ in phenology and in suitability of
at least a portion of the crop to serve as a host for navel
orangeworm development (Burks et al. 2008). The
navel orangeworm is multivoltine (Michelbacher and
Davis 1961, Wade 1961). It overwinters in various
larval stages, which produce an initial adult ßight in
spring. Adults of the spring ßight oviposit from March
to May, primarily on fruit left from the previous har-
vest. Progeny of these overwintered adults develop
slowly on this suboptimal host material (Seaman and
Barnes 1984). Adults of the Þrst generation of the
growing season typically emerge between mid-June
and early July in the San Joaquin Valley, CA, with
subsequent generationsof adults typically emerging in
August and September. Recent studies have docu-
mentedhigh variation in development time, explained
only in part by variation in host quality (Kuenen and
Siegel 2010, Siegel et al. 2010, Siegel and Kuenen
2011). The Þrst generation of the growing season,
emerging in June, may encounter newly susceptible
almonds that sustain faster development. Themajority
of pistachios are not susceptible until husk split in late
August, although deformed pistachios (“pea splits”)
may provide host material for larvae as early as mid-
June (Siegel and Kuenen 2011). Healthy walnuts also
are not susceptible until husk split in late August
(Shelton and Davis 1994). Until then, navel orange-
worm inwalnutspresumablydependonnutsdamaged
by blight, sunburn, or on previous yearmummies (Mi-
chelbacher and Davis 1961). These observations sug-
gest that eachof these threenutcropsmight, at various
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times of the year, serve as a bridge for future infesta-
tion of neighboring crops.
Several aspects of managing navel orangeworm are
impactedbyadultdispersal,whichmayoccurany time
whenadults are active(C.S.B., unpublisheddata).The
spatial extent of the surrounding area at risk of infes-
tation from a particular source orchard is determined
in part by the dispersal capacity and behavior of adults
emerging in the latter. Furthermore, immigration of
mated females can reduce the effectiveness of mating
disruption (Higbee and Burks 2008), a management
technique now used on 14,000 ha of California nut
crops (D. Casado, personal communication). Recent
development of a stable synthetic pheromone lure has
opened a promising new avenue for efÞcient popula-
tion monitoring. Understanding navel orangeworm
adult dispersal and its impact on the sampling range
and range of interference of traps baited with such
lures will be necessary to properly interpret numbers
captured (Burks et al. 2011, Burks and Higbee 2013).
Thus, characterizing the dispersal behavior, distances,
and patterns of both sexes is important to the reÞne-
mentofmanagementprograms for this importantpest.
Dispersal, however, is an inherently difÞcult life his-
tory parameter to characterize for most insects, and
the difÞculty increases with spatial scale (Showers
1997, Osborn et al. 2002).
The navel orangeworm is considered a strong ßier
(Andrews et al. 1980) and capable of interorchard
dispersal (Andrews and Barnes 1982, Higbee and Sie-
gel 2009). One study found that eggs produced by
femalesmarkedwith fat-soluble dyewere laid in equal
numbers on egg traps from 8 to 375 m every 45 from
the release point (Andrews et al. 1980). Amore recent
study using capture of marked males and females
found that both sexes were capable of dispersing at
least 1,000 m within 24 h of eclosion, and that males
were more likely than females to disperse rapidly
(Burks and Higbee 2006). Such mark-release studies
provide valuable information but are subject to tech-
nical limitations, especially limited distances for pos-
sible recapture compoundedbydilutionof insect den-
sity with distance (Showers 1997, Osborn et al. 2002,
Reynolds et al. 2006). SpeciÞcally, for navel orange-
worm, limitations have included overdispersed fre-
quency distributions of eggs on egg traps, making it
difÞcult to translate the number of marked eggs re-
covered to the number females that traveled certain
distances (Higbee and Burks 2011), and differential
capture efÞciency of males and females to the avail-
able attractants (Burks and Higbee 2006).
Laboratory studies of ßight capacity using computer-
monitored ßight mills have provided a valuable addi-
tion to Þeld data for a variety of moth species, includ-
ing orchard pests (Schumacher et al. 1997, Shirai and
Kosugi 2000, Hughes and Dorn 2002, Hughes et al.
2004), pests of annual row crops (Sappington and
Showers 1991, 1992; Beerwinkle et al. 1995;Dorhout et
al. 2008; Jiang et al. 2010, Tu et al. 2010, Cheng et al.
2012, Jiang et al. 2013), tree pests (Yamanaka et al.
2001, Elliott and Evenden 2009), and species of bio-
logical control and quarantine concern (Sarvary et al.
2008). Flight mills allow comparison of ßight capacity
between the sexes without bias owing to response to
attractants, and allow a more detailed examination of
effects of age and mating status than is often possible
in Þeld studies. Distances, durations, velocity, and
other measures of ßight performance cannot be as-
sumed to translate directly to behavior in the Þeld
because the experimentation involved is highly intru-
sive (Dingle 1985, Yamanaka et al. 2001, Tsunoda and
Moriya 2008, Taylor et al. 2010,Huanget al. 2013). The
insect must be handled during attachment of a tether
with glue, it cannot control its ßight direction or body
angle, and it cannot land or take-off from a solid
surface but instead is left suspended from the ßight
arm throughout the test period. Nevertheless, ßight
mill studies can yield important insights into a speciesÕ
dispersal behavior through comparative experimenta-
tion involving developmental (e.g., gender, age, and
mating status)or treatment(e.g., nutrition, insecticide
exposure, and population density) categories of indi-
viduals (Dingle and Drake 2007, Dorhout et al. 2008,
Taylor et al. 2010). Flight mill data also provide min-
imum values for measures of ßight capacity, such as
ßight duration, ßight distance, and ßight speed. Typ-
icalßightdistance innaturemaybegreateror less than
this capacity for ßight in the laboratory because of the
mechanical and environmental factors (see subse-
quent discussion). With due caution in interpretation
of the data, and in combination with other lines of
evidence, ßight mills are a powerful tool in the ecol-
ogistÕs toolbox for elucidation of insect dispersal pat-
terns in the Þeld.
In this study, we compared ßight performance of
unmated navel orangeworm males and females of Þve
different ages posteclosion on ßight mills. In addition
to measures of distance, duration, and speed of ßight,
we examined the propensity of moths to engage in a
long duration ßight (i.e., 30 min) and the time of
night the longest duration ßight was initiated and
terminated. We report that the capacity and propen-
sity of both sexes up to 5-d of age to make long ßights
is considerable, and that ßight mill performance is
consistent with inferences about dispersal in the Þeld
suggested by previous mark-release studies.
Materials and Methods
Insect Culture. Navel orangeworms used in the
experiments were obtained from a laboratory colony
maintained at 26C and a photoperiod of 14:10 (L:D)
h on wheat bran diet (Tebbets et al. 1978) at the
USDA-ARS, San Joaquin Valley Agricultural Sciences
Center in Parlier, CA. The colony was initiated from
eggs collected in analmondorchard inwesternFresno
County in September 2010, and was refreshed with
infusion of individuals taken at the same time, place,
and manner in September 2011. Thus, this line had
been in culture from 20 to 26 generations (from 2010)
during the course of the experiments conducted from
July toOctober 2012.Mature larvaewere separatedby
sex based on the presence or absence of testes (visible
through the male dorsal integument). Larvae nearing
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pupation were shipped weekly via overnight express
from Parlier, CA, to Ames, IA, where they were al-
lowed to pupate. Pupae were checked daily for adult
emergence. Newly emerged adults were placed in
sex-speciÞc holding cages at 26C and a photoperiod
of 14:10 (L:D) h until they reached the appropriate
age for ßight tests. The holding cages consisted of a
wire-mesh cylinder 13.5 cm in diameter and 15.5 cm in
length. Adults were provided free access to water via
soaked cotton. Sugar was not provided because pre-
vious data indicated that sugar solutions did not in-
crease longevity or fecundity in this species (C.S.B.,
unpublished data).
Adult Tethering and Flight Mill Procedures. Flight
mill procedures were based on those described by
Dorhout et al. (2008) with modiÞcations. Adults were
attached to ßight mills with a tether consisting of a
0.25-mm-diameter wire,5 cm in length. Moths were
sedated by brief cooling in a reach-in freezer at20C
for 3 min, and scales were brushed away from the
dorsal surface of the abdomen immediately posterior
to themesothorax. This position is far enough forward
to ensure good balance of the mothÕs weight, while
avoiding interferencewithßexing of the thorax during
ßight. A 1-mm-diameter loop at the end of the wire
was attached to the cleared area on the abdomenwith
a small amount of Insta-Cure glue (Bob Smith In-
dustries, Atascadero,CA).Thewirewas bent at a right
angle near its insertion into a small sleeve of hollow
plastic tubing stripped from copper wire, by which it
was connected to the ßightmill arm. After attachment
to the ßight arm, a small piece of tissue paper was
provided to the tetheredmoth for tarsal contact (Sap-
pington and Showers 1991), which the moths readily
grasped. This reduced escape behavior and trivial
ßight before dusk, while allowing spontaneous ßight
initiation.
Fifteen ßight mills were housed in a walk-in envi-
ronmental chamber maintained at 26C and a photo-
period of 14:10 (L:D) h. This is the photoperiod ap-
proximating conditions from May through July in
Parlier, CA. Dusk and dawn were initiated 30 min
before thebeginningandend, respectively, of thedark
cycle atwhich theyhadbeen reared, and simulated by
automatic ramping of four 40-W incandescent bulbs
from 50% intensity to complete darkness. Each ßight
mill was attached to a Gateway 2000 personal com-
puter by interfacehardware and software as described
by Beerwinkle et al. (1995). The ßight mill arm con-
sisted of a triangle-shaped ßat piece of aluminum (256
mm in length, 156 mm from tip to pivot, 15 mm in
width at the base end). The tether attachment sleeve
described in the previous paragraph was slipped over
the point of this arm, and the weight of the attached
moth was counterbalanced with a moveable clip near
the base end. The setup allowed the adult to ßy in a
horizontal plane, completing a distance of 1 m per
revolution around the central pivot and the pin on
which it rested. Revolutions of the ßight arm were
sensed by an infrared eye below the pin. A vinyl tent
surrounded each mill to reduce air movement that
might cause the ßight arm to drift and generate spu-
rious readings.
Males and females were tested separately on given
nights to prevent the confounding inßuence of female
sex pheromone. Adults of different age classes were
also tested separately because of practical limitations.
Adults that emerged the previous evening or night
were classiÞed as 1 d oldwhenßownonßightmills the
following evening (i.e., Þrst evening after emer-
gence). Unmated males and females were ßown at
ages 1, 2, 3, 5, and7dposteclosion.Each individualwas
ßown only once, so data for each age category rep-
resent independent trials of moths held in cages with
free access to water and without ßying until the night
of attachment. In the laboratory, mortality is minimal
before 7 d posteclosion, during which period most
total lifetime fecundity is realized (C.S.B., unpub-
lished data).
We examined possible associations of wing dimen-
sions with ßight performance. After testing on the
ßight mills, the forewings and hindwings were re-
moved and mounted on card stock, and images ob-
tained by optical scanning. Lengths and surface areas
of both forewings and both hindwings were obtained
using the web-based UTHSCSA ImageTool (http://
compdent.uthscsa.edu/imagetool.asp). The greatest
measures of length and area obtained from either of
the paired forewings and hindwings were used in all
analyses.
Data Analysis.The number of revolutions was com-
piled in 1-min intervals for eachßightmill. Aßightwas
considered terminated if there was not a single rev-
olution of the ßight arm in 1 min. Adults that did not
engage in at least one ßight of3 min were excluded
from analysis to avoid including adults that were ar-
tifactually unable or indisposed to ßy because of han-
dling associated with the experimental procedures.
Data from adults found dead on the ßight mill the
morning after a test were also excluded, regardless of
ßight activity during the night, to avoid including
activity of moths that may have been too unhealthy to
behave normally. Moths excluded as nonßiers or be-
cause they died during testing represented 7% of the
572 individuals tested. Flight characteristics examined
for each moth included the duration of the longest
uninterrupted ßight, the summed duration of all
ßights, thedistanceof the longest uninterruptedßight,
the summed distance of all ßights, calculated speed of
the longest uninterrupted ßight, and the time of ini-
tiation and termination of the longest uninterrupted
ßight of 30 min relative to the beginning of dusk.
Flight activity before the onset of dusk or after lights
on was excluded from analysis because this species is
not known to be active in the Þeld during daytime
hours. Thus there was a 10.5-h window of possible
ßight activity.
Data associated with duration, distance, and speed
of ßight were transformed as the square root of the
observation to stabilize variation and improve sym-
metry of the frequency distribution. Analysis of vari-
ance (ANOVA) was used for these variables because
LeveneÕs test did not Þnd signiÞcant departure from
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homogeneity of variance, and because residual plots
indicated that the assumption of random distribution
of the error was not violated. Amixed-model two-way
ANOVAwasused for theßight performancevariables.
Fixed dependent variables included age, sex, and their
interaction. The test date was nested in the ageÐsex
interaction because levels of these two main effects
werenecessarily tested ondifferent nights.Degrees of
freedomwere calculated by the containmentmethod.
Thedenominatordegreesof freedomused tocalculate
signiÞcance of the main effects (age and sex) and
means separation within these effects was thus based
on the number of ßight mill tests (adults were tested
5Ð8 nights for each level of age sex) rather than the
number of moths tested. The Tukey adjustment for
multiple comparisonswas usedwhen comparing ßight
variables between age classes. Times of initiation and
termination of the longest uninterrupted ßight of30
minwere compared between sexeswith theWilcoxon
rank-sum test. FisherÕs exact test was used to compare
the proportion of nonßiers between sex and age cat-
egories.
Measures of wing area and length were compared
between sexes by two-sample t-tests. Associations of
wing dimensions with ßight performance were ex-
plored for each age of each sex by stepwise linear
regression analyses, with measures of ßight perfor-
mance as the dependent variables. Because wing di-
mensions for an individual were highly correlated (all
r 0.32, all P  0.0001), principal components (PC)
were extracted for the variables using a correlation
matrix. Thewing data were converted to factor scores
along the resulting eigenvectors and used as indepen-
dent variables. The P value to enter and exit the step-
wise model was 0.05.
The two-way ANOVAs and FisherÕs exact test were
performed using the SAS System (SAS Institute Inc.
2008, Cary, NC). The PCs and regression analyses
involving wing dimensions, and the wilcoxon rank-
sum tests were conducted using Statistix 7 (Analytical
Software 2000) software. Untransformed means and
errors are presented in the tables and Þgures.
Results
Flight Propensity and Capacity. Of the 572 adults
tested, 533 were classiÞed as ßiers (i.e., 93% made at
least oneßight of3min).Theproportionofnonßiers
was not signiÞcantly different between age and sex
categories (Fisher exact test, P  0.05).
Unmated navel orangeworm adults exhibited a sub-
stantial propensity for ßight over the Þrst 7 d of adult
life, as demonstrated by themean summedduration of
all ßights ranging from 3.6 to 6.2 h of the available
10.5 h from dusk to dawn (Table 1). There were
signiÞcant differences among age categories in the
duration of the longest ßight, total ßight duration, the
distance of the longest ßight, total distance ßown, and
velocityof the longestßight(Table2).However, these
differences were driven entirely by the oldest age
category, in which adults of both sexes ßew signiÞ-
cantly 1- or 2-d-old adults (Table 1).
Females ßew for a longer total time (328.9 	 11.54
vs. 288.5 	 11.50 min per night) and greater total
distance (12.3 	 0.71 vs. 9.8 	 0.52 km per night;
mean 	 SE) than males, respectively, but these dif-
ferences were not quite signiÞcant (0.05  P  0.1;
Table 2). Differences between the sexes were not
evident for the longest individual ßight time or dis-
tance, or for ßight speed (Table 2). Box plots of data
for the longest single ßight reveal a considerable de-
gree of variability in both distance (Fig. 1A) and du-
ration (Fig. 1B). The data suggest greater differences
between the sexes in the extremes than in the central
Table 1. Duration and distance of ﬂights (mean  SEM) and median calculated speed of navel orangeworm adults by age (sexes
combined) on laboratory ﬂight mills during 10.5 h, including 0.5 h each of simulated dusk and dawn
Age N
Duration (min) of
longest uninterrupted
ßight
Total duration
(min) of all ßights
combined
Distance (km) of
longest uninterrupted
ßight
Total distance
(km) of all ßights
combined
Speed (m/s) of
longest uninterrupted
ßight
1 103 220	 19a 298	 17a 9.7	 0.95ab 12.2	 0.92ab 0.72	 0.03a
2 103 263	 20ab 357	 19a 11.2	 1.14a 13.5	 1.11a 0.66	 0.04ab
3 112 206	 19ab 314	 18ab 8.0	 0.93ab 10.2	 0.93ab 0.56	 0.03ab
5 105 229	 20ab 330	 19ab 9.2	 1.05ab 11.4	 1.05ab 0.61	 0.04ab
7 110 147	 16b 250	 17b 6.1	 0.93b 8.3	 0.93b 0.57	 0.04b
Observations exclude individuals without at least one ßight of 3 min.
Means within the same column sharing the same letter are not signiÞcantly different by TukeyÕs test (P  0.05).
Table 2. Values of F and P from ANOVA for duration and distance of laboratory ﬂight by navel orangeworm adults
Component
Max. duration Total duration Max. distance Total distance
Speed of longest
ßight
F P F P F P F P F P
Age 4.01 0.0068 3.47 0.0140 4.09 0.0061 4.21 0.0051 3.25 0.0190
Sex 0.49 0.4878 3.41 0.0707 2.18 0.1456 3.93 0.0531 1.63 0.2073
Interaction 0.52 0.7223 0.14 0.9680 0.44 0.7813 0.32 0.8362 0.32 0.8613
The numerator df are 1, 4, and 4 for age, sex, and interaction, respectively. The denominator df is 50.
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tendency.The lesser propensity of 7-d-oldmoths toßy
than younger moths is readily apparent in the values
of the 75th percentile (upper edge of the boxes in Fig.
1), especially for males. Mean velocity of the longest
single ßight ranged from 0.55 to 0.75 m/s (Table 1),
and did not differ between males and females at any
age (Table 2).
Decumulation curves were constructed to visualize
the percentage of moths that made uninterrupted
ßights of given minimum durations (Fig. 2). It is clear
that moths of both sexes and all ages tested have the
capacity to engage in continuous ßight lasting most of
the night, with several individuals ßying9 h. Twenty
percent of females of all agesmade a single continuous
ßight of at least 6 h, and a third of those tested made
ßights of at least 3 h (Fig. 2A). Male propensity to
make longerdurationßights variedmorewith age, and
was on the whole less than that of females, but was
similar if the oldest age class (7 d) is disregarded (Fig.
2B). Excluding the 7-d-old category, 20% of males
made a continuous ßight of at least 5.5 h, and a third
of those tested made ßights of at least 3 h. Distance
ßown is closely related to duration of ßight, and the
patterns are similar (not shown). Maximum distances
covered in a single continuous ßight observed on the
ßight mills were 66.1 km by a 5-d-old female that ßew
for 580 min, and 39.5 km by a 2-d-old male that ßew
for 573 min.
Wing Dimensions and Flight Performance. Possi-
ble effects of variation in wing dimensions on navel
orangeworm ßight performance were explored based
on measurements of surface areas and lengths of fore-
wings andhindwings(Table3).Allmeasuresof female
Fig. 1. Boxplots depicting, by sex and age of navel orangeworm adults: (A) the total distance ßown, (B) the total time
ßown, and (C) the velocity of the longest single ßight. The box represents the 25th and 75th percentiles, the whiskers the
10th and 90th percentiles, and dots the Þfth and 95th percentiles. Dashed line, mean; solid line, median.
Fig. 2. Decumulation of percentage unmated navel or-
angeworm (A) females and (B) males of different ages en-
gaging in uninterrupted ßights of indicated minimum dura-
tions. Sample sizes per age per sex: 50Ð58. (see Table 1). This
plot provides a visual comparison amongages of theobserved
distribution of longest ßight duration.Note, for example, that
50% of 2-d-old males made an uninterrupted ßight of at
least 4 h, whereas 15% of 1-d-old males did so.
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wing dimensions were signiÞcantly greater than cor-
respondingmeasures ofmalewings, according to two-
sample t-tests (all tdf
 529 10.6, all P 0.0001). Four
orthogonal eigenvectors were generated from PC
analysis (Table 3). Interpretations of the PC axes are
the same for both females and males: PC1 represents
a general wing-size axis; PC2 is a contrast between
forewing andhindwing size; PC3 is a contrast between
hindwing area and hindwing length; and PC4 is a
contrast between forewing area and forewing length.
The majority of stepwise regressions of ßight pa-
rameters for any age and sex on factor scores of wing
dimensions along the PC axes were not signiÞcant
(Table 4). The contrast of forewing area and length
(PC4) had minor associations (r2 range 0.08Ð0.15)
with ßight duration and distance variables in 2-d-old
females, and on ßight distance variables in 5-old-fe-
males. The few other signiÞcant associations are like-
wise minor (r2 range 0.07Ð0.14) and do not show a
consistent pattern of effects.
Timing ofLongFlightsDuring theNight.Timingof
the longest continuous ßights of at least 30min during
the night are visualized in Fig. 3. The 95% CIs were
relatively tight around the means of times of ßight
initiationand termination,butmediansoutside theCIs
reßect skews of the distributions toward dusk and
dawn, respectively.Medians (Fig. 3) suggest thatmost
females started their longest ßight earlier in the night
(104.5 min after beginning of dusk) than most males
(186 min), and a Wilcoxon rank-sum test conÞrmed
this difference is signiÞcant (P 
 0.0003). The differ-
ence in median time of ßight termination between
females (570 min) and males (588 min) was not sig-
niÞcant (P
 0.40). Medians and means both indicate
1-d-old females and males tended to begin their lon-
gest ßight later in the night than older moths.
Discussion
Measures of ßight capacity on the ßight mills indi-
cate that the potential for navel orangewormdispersal
is considerable. Means for total distance and total
duration ßown do not necessarily indicate typical dis-
tances and durations ßown in nature (Dingle 1985,
Krell et al. 2003, Dorhout et al. 2008), but they can be
taken as minimum estimates of the insectÕs ßight ca-
pacity within the boundary layer (Krell et al. 2003,
Dingle and Drake 2007). Capacity and propensity for
making long uninterrupted ßightswas also substantial,
with more than a quarter of females ßying without
interruption for more than half the night. Males of
intermediate ages tested (2, 3, 5 d) performed simi-
larly. The ßight performance observed for navel or-
angeworm adults in this study was generally compa-
rable with or greater than that reported in ßight mill
studies of similarly sized species in Tortricidae and
Pyraloidea. For example, total distance ßown by the
codling moth, Cydia pomonella (L.), 5Ð15 km (Schu-
macher et al. 1997), is similar to the 8Ð14 km mean
distance we observed for navel orangeworm. Euro-
pean corn borer, Ostrinia nubilalis (Hu¨bner) ßew
only 4Ð5 km despite a total ßight duration (218Ð355
Table 3. Measures of wing size of female and male navel orangeworm moths tested on ﬂight mills, and PCs derived from them
Sex n
Wing
measurea
Mean 	 SE
Eigenvectors
PC1 PC2 PC3 PC4
Female 270 FWb area 29.7	 0.26 0.52 0.47 0.15 0.69
FW length 10.1	 0.05 0.52 0.48 0.07 0.70
HWc area 27.5	 0.29 0.46 0.57 0.67 0.11
HW length 8.4	 0.04 0.49 0.47 0.72 0.11
Eigenvalue 2.42 0.98 0.36 0.24
% of Variance 60.5 24.4 9.1 6.0
Male 261 FW area 25.5	 0.29 0.50 0.51 0.27 0.64
FW length 9.4	 0.05 0.51 0.46 0.43 0.58
HW area 20.0	 0.30 0.52 0.41 0.66 0.36
HW length 7.5	 0.04 0.47 0.60 0.55 0.35
Eigenvalue 2.63 0.86 0.29 0.22
% of Variance 65.7 21.6 7.2 5.4
a Areas measured in mm2; lengths measured in mm.
b FW, forewing.
cHW, hindwing.
Table 4. Signiﬁcant (  0.05) stepwise regressions of ﬂight performance variables of unmated navel orangeworms of indicated ages
on PCs factor scores of wing size (see Table 3)
Sex Age (d)
Duration (min)
longest uninterrupted
ßight
Duration (min)
all ßights
combined
Distance (km)
longest uninterrupted
ßight
Total distance
(km) all ßights
combined
Speed (m/s) longest
uninterrupted
ßight
Female 2 PC4: r2 
 0.114 PC4: r2 
 0.151 PC4: r2 
 0.088 PC4: r2 
 0.104 PC3: r2 
 0.139
3 PC1: r2 
 0.077
5 PC4: r2 
 0.076 PC4: r2 
 0.081 PC4: r2 
 0.134
Male 2 PC1: r2 
 0.142
Blank entries, and all entries for ages not listed (1 and 7 for females; 1, 3, 5, and 7 for males) were not signiÞcant.
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min; Dorhout et al. 2008, 2011) very similar to that of
navel orangeworm (216Ð380 min), indicating greater
speed in the latter. Oriental fruit moth, Grapholita
molestaBusck, andcactusmoth,Cactoblastus cactorum
(Berg), ßew 1.4Ð4.0 and 0.8Ð2.3 km, respectively
(Hughes andDorn 2002,Hughes et al. 2004, Sarvary et
al. 2008), while the large aspen tortrix, Choristoneura
conﬂictana (Walker), ßewonly 0.2Ð1.2 km(Elliott and
Evenden 2009). In contrast, compared with these
other species, the navel orangeworm is particularly
notable for greater distance of the longest single ßight,
4.8Ð12.2 km, compared with 1Ð5 km for codling moth,
0.6Ð3.1 km for European corn borer, 0.1Ð0.8 km for
Oriental fruitmoth, and 0.06Ð0.15 km for cactusmoth.
Both quantitative and qualitative differences in
ßight performance between unmated navel orange-
worm males and females are suggested by the data in
this study. Quantitatively, navel orangeworm females
are perhaps somewhat stronger ßiers than males, as
suggested by the nearly signiÞcant effect of sex on
total ßight distance. The sexes performed similarly in
the codling moth (Schumacher et al. 1997). In con-
trast, stronger female ßight performance has been
noted in other Pyraloidea and Tortricidae (Hughes
andDorn 2002;Hughes et al. 2004;Dorhout et al. 2008,
2011; Sarvary et al. 2008; Elliott and Evenden 2009). In
manyof these species, the female is also larger than the
male, suggesting that this difference may be due in
part to greater wing area and/or greater energetic
reserves. Forewings of European corn borer females
were signiÞcantly longer than those ofmales, but only
male wing length was correlated with some measures
of ßight performance on ßight mills (Dorhout et al.
2011). It is clear from our results that in the navel
orangeworm, differences in wing morphology associ-
ated with sex do not directly translate into clear dif-
ferences in ßight performance between the sexes. The
interplay of possible sex-related differences in body
mass and wing size (i.e., wing loading) on ßight per-
formance, however, has yet to be addressed.
While there were no signiÞcant differences in ßight
performance between the sexes within individual age
categories, thedatasuggest thattherelativeperformance
ofthesexeschangewithage.Forexample, themeantotal
distancewas nominally greater inmales than females up
to3dposteclosion,butthis trendreversedonthelast two
nights tested (Fig. 1A). In contrast, the mean total time
ßown was nominally greater for females than for males
at all ages tested(Fig. 1B).Unmated femalesdooviposit,
albeit later and less frequently than mated females
(C.S.B., unpublished data). It is thus possible that the
different changes in ßight performance between the
sexes were due to changes in wing loading; i.e., the
relationship between body weight and wing area. In
smaller insectsthatareweakerßiers,negativeassociation
between ßight performance and egg load has been ob-
served (Rankin et al. 1994, Isaacs and Byrne 1998, Bel-
lamy and Byrne 2001). In larger Lepidoptera that are
stronger ßiers, such associations can be more compli-
cated. In the butterßy Pieris napi L., for example, in-
creased weight load was associated with reduced per-
formance in some aspects of male and female ßight, but
males ßew slower rather than faster after mating (Alm-
bro and Kullberg 2012). Collection of body weight data
would be necessary for a more rigorous examination of
the role ofwing loading in the navel orangeworm.How-
ever, the data presented here suggest that variation in
ßightperformancebetweenthesexes isminorcompared
with variationwithin the sexes, and that unmated adults
of both sexes have substantial capacity for dispersal.
Qualitatively, navel orangewormmales and females
differed in the time of initiation of the longest unin-
terrupted ßight. Medians indicated that females gen-
erally began their longest sustainedßight earlier in the
night than males, while the relatively tight 95% CIs
around the means of time of ßight initiation suggest
Fig. 3. Time of night of initiation and termination of the longest uninterrupted ßight of at least 30-min duration by
unmated navel orangeworm males and females of indicated ages posteclosion. The 95% CI surrounding mean initiation time
(vertical dashed line) is indicated by an open box, and termination time is indicated by a shaded box.Median times is denoted
by a vertical solid line.
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that adults of both sexes and all ages tested use the
onset of scotophase as a cue for timing their longest
ßight activity. Long-distance ßight is thus one of sev-
eral activities of navel orangeworm adults that exhibit
a circadian rhythm. Adult eclosion occurs mainly
around dusk (Husseiny and Madsen 1964). Mating
activity generally occurs 1Ð3 h before sunrise, but
shifts to earlier in the night when temperatures are
cool (Landolt and Curtis 1982). Oviposition begins
shortly after sunset and is 77% concluded within the
next 1.5 h and almost all was concludedwithin the Þrst
3 h after sunset (Andrews et al. 1980). The difference
inßight initiation seen in thecurrent studyofunmated
adults is presumably not related to oviposition. These
data nonetheless demonstrate differences between
the sexes in ßight behavior.
A question concerning the relative importance of
wind-assisted versus self-directed ßight for the navel
orangewormis suggestedbydata fromthecurrent study.
At wind speeds greater than ßight velocity, an insect
cannot control the direction of net displacement
(Compton 2002, Srygley and Dudley 2008, Chapman et
al. 2011). Based on spatial patterns of marked eggs ovi-
positedbyreleasednavelorangewormfemales,Andrews
et al. (1980) inferred a strong upwind directional bias
towardbaitedeggtraps.Windspeedwasnotreportedby
Andrews et al. (1980), but it was described as consistent
andgentle for oneof theexperiments.Dispersal ofmany
insects is stronglyaffectedbywind(Mikkola1986,Drake
andFarrow1988,Dingle 2006, Srygley andDudley 2008,
Kimetal. 2010,Chapmanet al. 2011).Forexample, some
migratory noctuid species like Agrotis ipsilon (Hufna-
gel), Helicoverpa zea (Boddie), and Spodoptera exigua
(Hu¨bner) can cover great distances in only a few hours
byßying in fastmovingwinds at several hundredmeters
above the ground (Showers 1997,Westbrook et al. 1998,
Westbrook 2008). Even small, weak ßiers like aphids,
leafhoppers, and mosquitoes are transported long dis-
tances bywinds (Shields andTesta 1999,Compton 2002,
Reynolds et al. 2006). Because of the possible effects of
wind in increasing net ground speed in free ßight, com-
pounded by the negative effects of ßight mills on speed
for mechanical reasons, distances ßown on ßight mills
may underestimate actual distances dispersed in the
Þeld. Thus, ßight duration on ßight mills has some ad-
vantages as a comparative indexofdispersal potential.At
the same time, it is important to recognize that ßightmill
distances could sometimes overestimate net distances in
theÞeld (Yamanaka et al. 2001), for example, in the case
of males casting in a zig-zag pattern in search of a pher-
omone plume.
Flight velocity data on the ßight mills indicate that
most navel orangeworms can make direct headway in
winds of speeds up to at least 0.60m/s (2.2 km/h), but
it is likely that they can ßy faster in nature than indi-
cated by our ßight mill data. In direct comparisons,
Tsunoda andMoriya (2008) found thatmaximum free
ßight speeds of the bean bug, Riptortus pdedstris (F.),
and rice bug, Leptocorisa chinensisDallas, were about
twice as fast as those measured on ßight mills. The
discrepancy was even greater for the buprestid em-
erald ash borer, Agrilus planipennis Fairmaire, in
which free ßight speed was threefold greater than
measured on ßightmills (Taylor et al. 2010). Although
the magnitude of the difference between free and
tethered ßight in these studies is perhaps surprising,
slower speed on ßight mills is expected because of the
dragcausedby theweight of theßight armand friction
at the pivot (Dorhout et al. 2008, Tsunoda andMoriya
2008, Taylor et al. 2010). Mean nightly wind speeds in
the southernSan JoaquinValleyofCalifornia from late
May to early September 2004 were light, ranging from
3.5 to 10.3 km/h depending on site (Burks andHigbee
2013). However, these measurements were taken
from weather stations on open ground, whereas navel
orangeworm dispersal is, at least initially, within an
orchard. Another study measured wind velocities of
0.05Ð2.01 m/s in the lower canopy of an almond or-
chard, with lower wind velocity in the lower canopy
comparedwith theuppercanopyand theair above the
canopy (Girling et al. 2013). Navel orangeworm pher-
omone trapswithin large orchards interferedwith one
another at intervals of 400m(Burks andHigbee 2013).
Male location of females by following sex pheromone
plumes would generally require net displacement up-
wind. However, measurements of air currents and
comparison of males in female-baited traps at various
heights suggest that night-time vertical convection
currents are at least as important as horizontal air
movement for male orientation to female sex phero-
mone in the ßat, arid orchards of the San Joaquin
Valley (Girling et al. 2013). Thus, further data are
needed to elucidate the importance ofmeteorological
or atmospheric events for inter-orchard dispersal of
the navel orangeworm.
Even if dispersal is not wind-assisted, the distances
ßown by navel orangeworm adults per night on ßight
mills were considerable, with means ranging from
roughly 10Ð15kmfor females ofdifferent ages, andare
generally consistent with Þeld observations. For ex-
ample, a regional, multiyear correlation study of navel
orangewormdamagepatterns in50 almondorchards
found signiÞcantly more damage in nuts harvested
from Þelds within 4.8 km of pistachio orchards com-
pared with those farther away (Higbee and Siegel
2009). A previous study in that region established that
pistachios generally harbored a greater abundance of
navel orangeworm than almonds (Burks et al. 2008).
The median distance of the longest single ßight in our
studywas4.8 km for 1-, 2-, and 5-d-old females.Most
codling moth adults ßy short distances, while only a
small proportion ßy5 km, consistent with Þeld data
for that species (Schumacher et al. 1997, Keil et al.
2001). Despite the strong ßight capacity of navel or-
angeworm,damagepatterns suggest that, ona regional
basis, it also has a nonlinear distribution of oviposition,
with more oviposition occurring closer to the site of
parental development (Higbee and Siegel 2009).
Planned studies of ßight performance of mated navel
orangeworm adults, and of association of ßight per-
formance and fecundity of females, should give
greater insight into the basis of the oviposition pat-
terns observed in the Þeld.
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In summary, the data from the current study dem-
onstrate a substantial ßight capacity and propensity in
unmated navel orangeworm males and females over
the Þrst week of adult life. Unmated adults have the
capacity todisperse farther than thedistanceobserved
in damage patterns in the Þeld (Higbee and Siegel
2009). This Þnding emphasizes the importance of an
area-wideperspective inmanagement of this pest, and
the importance of ongoing laboratory andÞeld studies
of dispersal capacity and behavior of this species, and
particularly of females.
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